Introduction
Spinach (Spinacia oleracea L.) is an indispensable leafy vegetable in the global diet for its high nutritional value; in particular, it is one of the best vegetable sources of vitamin A (Ryder, 1979) . However, spinach accumulates large amounts of oxalate, which inhibits calcium absorption and forms stones in the human urethra (Libert and Franceschi, 1987) . Oxalate intake from spinach can be reduced to some extent by boiling, but the recent increase of spinach in salads increases the rate of oxalate intake; therefore, reduction of oxalate content is one of the most important issues to improve spinach quality.
The content of oxalate in spinach leaf was decreased by increasing the ratio of NO 3 : NH 4 in the nutrient solution (Ota and Kagawa, 1996; Takebe et al., 1995a Takebe et al., , 1995b ; however, the reduction of nitrate supply was accompanied by growth suppression. Identification of a low-oxalate line has also been expected. Kawazu et al. (2003) reported that the oxalate content of 213 spinach varieties tested in the summer ranged from 0.76 to 1.8% of fresh weight, but oxalate content varied greatly with the season. To date, no line has shown as oxalate level consistently lower than 50% of the normal level.
A new approach through mutation breeding could provide an effective alternative solution to reduce oxalate contents of spinach. Nakata and McConn (2000) reported that mutants lacking calcium oxalate crystals were isolated in Medicago truncatula. These mutants were due to single gene mutations. There have also been reports of mutants with very low total oxalate contents McConn, 2000, 2003) . These reports suggest that mutation breeding has high potential for obtaining the qualitative trait of low oxalate concentration.
Mutants can be selected after M 2 generation, because a mutant gene is generally recessive and expression occurs in a homozygote. In allogamous plants, the mutant gene remains heterozygous after M 2 generation, making phenotypic detection difficult. Spinach is a dioecious, typical allogamous plant, but there are a few spontaneous gynomonoecious plants with the capacity for selffertilization. In our previous study, we established a gynomonoecious line with stable development of hermaphroditic flowers which can be used in mutation breeding programs (Hata et al., 2005) . The production of self-fertilized seeds in gynomonoecious spinach plants can be performed effectively by cultivation at 20-25°C under a 16 h photoperiod (Hata et al., 2005 (Hata et al., , 2006a .
Gamma-ray has been used as a common mutagen, and recently, ion beams have been found to be effective mutagens. We reported that mutagenesis in spinach was achieved by seed irradiation by gamma-ray or ion beam, and recessive mutation expressed in the M 2 generation by using the self-fertilization ability (Hata et al., 2006b ); however, we have not yet successfully isolated a lowoxalate mutant.
Ethyl methanesulfonate (EMS) has been used as an effective chemical mutagen. Mutants lacking calcium oxalate crystals have been isolated from EMSmutagenized M 2 seeds in Medicago truncatula (Nakata and McConn, 2000) . In this paper, we report the isolation of a spinach mutant induced by EMS and the growth characteristics of the mutant.
Materials and Methods

EMS treatment and M 1 plant culture
We employed a gynomonoecious line of Spinacia oleracea 'Shin-Nippon' selected in our previous study (Hata et al., 2005) . After removing pericarps, 80 seeds were soaked in 10 mL of 50 mM EMS for 6 h. The seeds were then washed with tap water. These M 1 seeds were sown in cell flats (128 cells per tray, 30 cm × 60 cm) on MgO, and micronutrients. In mid-April, these seedlings were planted out in an open-sided plastic house. Bolted plants were covered with transparent bags before anthesis to prevent crosspollination. Self-fertilized M 2 seeds were harvested from M 1 plants individually in July.
Screening for low-oxalate variants in M 2 generation
M 2 seeds were sown in cell flats (128 cells per tray, 30 cm × 60 cm) on October 21, 2004. Seedlings were irrigated with the complete nutrient solution described above from 7 days after sowing. Eighty-seven M 2 plants derived from 18 M 1 plants at 6-8 leaf stage were tested on December 3, 2004. One leaf disc with a diameter of 6 mm was taken from the leaf blade of the 4th leaf from the newest expanded leaf of each plant. Total oxalate (water soluble and insoluble) concentrations of leaves were measured. A leaf disk was put into a 2 mL microtube, 1.9 mL of 0.5 M H 2 SO 4 was added, and the tube was kept at room temperature for 24 hr. From the extract, 0.1 mL supernatant was diluted 10 times with pure water, and the solution was analyzed with a HPLC system using a Shim-pack SCR-102H column (3 × 300 mm, Shimadzu, Kyoto, Japan) connected to a guard column (3 × 50 mm, Shimadzu). Detection was performed using a SPD-10A UV/visible spectrophotometer (Shimadzu) set at 210 nm. The mobile phase was 1 g·L . Plants were irrigated every day with the complete nutrient solution described above from 7 days after sowing. Blades of 3rd to 6th leaves from the newest expanded leaf of each plant were sampled from the plant at the 9-11 leaf stage on November 16, 2006. Leaf samples weighing 5 g were homogenized in 45 mL of water and 1 mL of the suspension mixed with 19 mL 0.5 M H 2 SO 4 and kept at room temperature for 24 h. From the extract, 0.1 mL supernatant was diluted 10 times with pure water, and the resulting solution was analyzed with HPLC using the method described above. Total oxalate concentration was analyzed as above. We selected 5 low-oxalate M 3 plants with an oxalate level lower than 2 mg·g Leaf number, length of the longest leaf of each plant, and top fresh weight were measured on November 20, 2007. Relative chlorophyll concentrations of the leaf blade of the 1st to 3rd largest leaves of each plant were measured with a chlorophyll meter (SPAD-502, Minolta Co., Ltd., Japan). To determine the concentration of oxalate and nitrate, the 1st to 3rd largest leaves of each plant were harvested. The total oxalate concentration of each plant was analyzed using the method described above. Nitrate concentration was measured using a reflecting spectrophotometer (RQ-flex, MERCK, Germany).
Winter cropping
Seeds were sown in cell flats filled with vermiculite on January 17, 2008. The seedlings were transplanted to 12 cm plastic pots filled with a 2 : 1 mixture of commercial soil and vermiculite on February 1, 2007. Seedlings were irrigated with the complete nutrient solution described above. Ten plants per line were used. Plants were grown in a greenhouse maintained at minimum 10°C. The largest leaf of each plant was harvested on March 13, 2008, and the area, fresh weight, and dry weight of five plants were measured. Dry weight was measured after drying at 80°C for 2 days. The total oxalate concentration in each plant was analyzed using the method described above.
Results
The variations of oxalate concentration ranged from 2 to 26 mg·g FW; there were no lowoxalate plant (Fig. 2) ; however, in the progeny of plant b, five of eight plants had low oxalate, with a concentration lower than 2 mg·g −1 FW. These low-oxalate M 3 plants were covered with transparent bags and selffertilized M 4 seeds were harvested individually.
Many M 4 seeds were harvested from two of five selected low-oxalate M 3 plants, and the progenies of the two low-oxalate M 3 plants, named low oxalate line I and II, were employed. Both low-oxalate line I and II were uniform and grew vigorously. In top fresh weight, the low-oxalate lines had lower top fresh weight than the original line, but the differences were insignificant ( Table 1) . The low-oxalate line I had shorter leaves whereas the leaf length of low-oxalate line II was comparable to the commercial seed and gynomonoecious lines. There was no difference in leaf number between the original seed and two low-oxalate lines. There was also no difference in relative chlorophyll concentration among the original seed and two low-oxalate lines. In the gynomonoecious line, there were fewer leaves and higher relative chlorophyll concentration. Oxalate concentrations of leaves in both low-oxalate lines were much lower than the original seed or gynomonoecious lines in both autumn and winter (Table 2) . Oxalate concentrations were one third to one sixth of those of original seed. Nitrate concentration of low-oxalate line I was similar to the original line; those of gynomonoecious line and low-oxalate line II were high.
Leaves of low-oxalate line I and II were soft and thin. There was no significant difference in dry matter percentage among the four lines, but specific leaf weight (dry weight per area) in low-oxalate lines was low (Table 3) .
Discussion
Oxalate concentration in spinach varies among plant organs or stages. Libert and Franceschi (1987) and Tone and Uchiyama (1989) reported that leaf blades contained higher oxalate than petioles in spinach. Suyama et al. (1996) reported that oxalate concentration of mature leaves of spinach was higher than that of young leaves, and that the concentration in the leaf apical part was higher than in the basal part. These authors reported that oxalate concentration was 16.23 mg·g −1 FW in the apical parts of matured leaves whereas 5.82 mg·g −1 FW in the basal parts of young leaves. In this study, oxalate concentration in the leaf disk from the apical part of fully matured leaves (Fig. 1) was much higher than the concentration in the whole leaf (Table 2) . When oxalate concentration is measured in the parts with a high level, it may be easy to isolate low-oxalate plants; therefore, in this study, oxalate concentration in the apical part of mature leaf blades was measured in the first screening of M 2 generation.
In our previous report, gamma-ray and ion beam were used as mutagens in spinach, but no clear differences was found in the distribution of oxalate concentration between M 3 progeny of M 2 plants selected as having low or high oxalate (Hata et al., 2006b ). Libert (1987) reported low heritability in the characters of oxalate concentration. Kawazu et al. (2003) also reported that the environmental influence on oxalate concentration was high in spinach. Kaminishi and Kita (2006) reported that the growth rate primarily accounts for the oxalate concentration in spinach; therefore, it is necessary to explore low-oxalate variants with marked deviation from average concentration. In this study, we isolated significantly low-oxalate lines in successive progeny and obtained low-oxalate mutants. A number of pathways for oxalate production have been proposed. Precursors of oxalate in spinach were reported to be glyoxylate derived from photorespiration (Chang and Huang, 1981) , oxalaoacetate (Chang and Beevers, 1968) , and L-ascorbic acid (Yang and Loewus, 1975) . Although these pathways have been identified, the number of genes controlling oxalate production is still unknown. The low-oxalate mutant obtained in our study will be good material for investigating the major genes related to oxalate biosynthesis.
Leaf size of the low-oxalate mutant was slightly smaller than that of the wild type; however, the plants grew vigorously and formed leaves at a similar rate to the original line. In commercial production, the yield per area of low-oxalate mutant may be increased by prolonging the growth period or increasing plant density, and the low-oxalate and thin leaves of the mutant will be very useful characters for salad.
